The bifidobacterial and lactobacillus populations of fecal samples collected from 10 human subjects were studied. The numbers of bifidobacteria were similar in the fecal samples of all of the subjects, but lactobacillus numbers varied, even between samples collected from the same individual. Analysis of the composition of the bacterial populations by ribotyping and pulsed-field gel electrophoresis to differentiate between strains showed that, at least for the numerically predominant strains, each subject harbored a unique collection of bifidobacteria and lactobacilli. Predominant bifidobacterial and lactobacillus strains detected in the feces of each subject were used in immunological assays (lymphocyte transformation, serum antibody titers) to determine the influence of the bacteria on the immune system of their host. Immunoglobulin G antibodies reactive with lactobacilli were detected at high concentrations; antibodies reactive with bifidobacteria were present at lower concentrations. The antibodies appeared to be genus specific rather than strain specific. The results of the study emphasized the complexity of the relationship that exists between the intestinal microflora and the human host.
The large bowel of humans harbors a large and complex community of microbes, mostly species of obligately anaerobic bacteria, that is known as the normal microflora (16) . At least 400 bacterial species have been detected in human feces (the collection of bacteria in feces is representative of the large bowel microflora [13] ), although 30 to 40 species comprise 99% of the microflora of any one human subject (3) . Numerically predominant genera inhabiting the large bowel attain population levels of about 10 10 per g (wet weight) of contents. In our previous study, molecular analysis (ribotyping, pulsedfield gel electrophoresis [PFGE] of genomic DNA digested by restriction enzymes) of the microfloras of two human subjects demonstrated that, when examined at the level of bacterial strains, the bifidobacterial and lactobacillus populations were characteristic of the particular human host (12) . One individual harbored a relatively simple collection of bifidobacterial strains over a 12-month period, whereas the other subject had a complex collection of strains. The strain composition of the second subject varied throughout the 12-month period. Both subjects harbored simple collections of lactobacilli, usually composed of a single lactobacillus strain.
We have extended these previous observations by analyzing the bifidobacterial and lactobacillus populations detected in fecal samples obtained from 10 human subjects. The aim of the research was to determine the incidence of the two types of bifidobacterial populations (simple and complex) in the human population and to identify the numerically predominant strains of bifidobacteria and lactobacilli inhabiting each of the individuals. The predominant strains that were detected were used in immunological assays to determine the extent to which the immune system of a human host reacts with specific members of the body's resident microflora.
MATERIALS AND METHODS

Subjects.
Ten healthy human subjects maintained their usual lifestyles and dietary intakes throughout the study period. The subjects were between 20 and 50 years of age; there were five females and five males. Their diet was unrestricted, except that acidophilus-bifidus yogurts were not consumed. None of the subjects was administered antimicrobial agents during the study period.
Sampling. Two fecal samples (three from subject 1), obtained three to nine months apart, were examined for each subject. The samples were collected in sterile specimen jars and immediately taken to the laboratory, where they were introduced into an anaerobic chamber for processing (gas mixture: 5% CO 2 , 10% H 2 , 85% N 2 ). On average, processing began within 30 min of collection of the fecal sample. A 0.5-to 1-g portion of feces was removed from the middle of the sample and used to make a fecal homogenate in 4.5 ml of prereduced brain heart infusion broth (Difco, Detroit, Mich.) supplemented with yeast extract, cysteine hydrochloride, and vitamin K-hemin (BHIS [7] ). A dilution series (10 Ϫ1 to 10 Ϫ7 ) was then made in the same medium, and 100-l aliquots of each dilution were used to inoculate selective media by spread plating. Beerens medium (1) and Rogosa agar (Difco) were used to isolate Bifidobacterium and Lactobacillus strains, respectively. The plates were incubated anaerobically for 2 (Rogosa plates) to 4 (Beerens) days at 37°C.
Two to four months after examination of the first fecal sample, blood samples (one heparinized, one coagulated) were obtained from each subject by venipuncture. The heparinized blood samples were used to prepare whole-blood cultures for lymphocyte transformation assays. Serum was obtained from the coagulated sample and stored at Ϫ70°C until used in enzyme-linked immunosorbent assays (ELISAs).
Enumeration and selection of colonies. Following incubation, colony counts were made from dilution plates of the two selective media that contained discrete colonies (30 to 300), and the total population of each genus was calculated as CFU per gram (wet weight) of feces. For each sample, 10 bifidobacterial and 10 lactobacillus colonies were randomly selected from the plate used for enumeration and subcultured onto appropriate agar media for future genetic fingerprinting. The number of isolates examined per sample was chosen on the basis of results obtained in the previous study, which had shown that 10 randomly selected colonies gave good coverage of the numerically predominant strains (12) .
Provisional identification of genera was conducted on the basis of Gram stain reactions and cell morphology, in conjunction with the ability of the isolate to grow on the appropriate selective medium. Lactobacilli were examined by the catalase test. Detection of the major fermentation products of strains grown in peptone-yeast extract-glucose medium (7) by gas-liquid chromatography permitted identification of the bacteria to the genus level (7) . The identification of Bifidobacterium strains was further confirmed by demonstration of the enzyme fructose-6-phosphate phosphoketolase in cell extracts (14) . Identification of the isolates of bifidobacteria and lactobacilli to the species level was not attempted because of the doubtful significance of the results produced by current methodologies (12) .
Differentiation of bifidobacterial and lactobacillus strains by ribotyping and PFGE. The ribotyping method of McCartney and Tannock (11) was used to differentiate the strains among the randomly selected isolates obtained from each fecal sample. Three restriction endonucleases (NarI, PvuII, and BamHI) were used separately to digest the bifidobacterial DNA. Lactobacillus DNA was digested with HindIII and EcoRI, separately. PFGE was used to confirm the differentiation of bifidobacterial and lactobacillus strains obtained by ribotyping as described previously (12) . The bifidobacterial DNA was digested with XbaI, and the lactobacillus DNA was digested with ApaI.
Immunological assays. Heparinized blood samples were used to prepare whole-blood cultures in RPMI 1640 medium (Sigma Chemical Company, St. Louis, Mo). The blood was diluted 10-fold in the culture medium, and 100-l volumes were dispensed into the wells of microtiter trays. Lymphocyte transformation (a measure of the mitogenic response of T cells that can be used to evaluate the responsiveness of lymphocytes to specific antigens [9] ) was tested by the addition of 2.5 g of concanavalin A (nonspecific stimulation of lymphocyte replication; positive control) in 50 l of culture medium, or by the addition of 2.0, 1.0, 0.5, 0.2, 0.1, or 0.05 g of whole cells of bifidobacterial or lactobacillus strains that had been heat killed (80°C for 2 h) and lyophilized and then suspended in culture medium. The remaining culture did not receive additives (unstimulated) except for 50 l of culture medium. The strains used in the case of each subject were as follows: subject 1, B1, L2; subject 2, B8, L8; subject 3, B12, L12; subject 4, B19, L18; subject 5, B8Ј, L21; subject 6, B17Ј, L24; subject 7, B19Љ, L6Ј; subject 8, B35; subject 9, B42, L24Ј; subject 10, B48, L24Љ. Six replicates of each type of culture were prepared. After a 6-day incubation period in a humidified, CO 2 atmosphere (5%) at 37°C, 0.5 Ci of tritiated thymidine was added to each culture. The cultures were incubated for a further 20 h. The cultured cells were then harvested on glass fiber discs, and the radioactivity (counts per minute) associated with the harvested cells was measured in a scintillation counter after the addition of liquid scintillation fluid.
The concentration of immunoglobulin G (IgG), IgA, and IgM antibodies that reacted with antigens associated with whole bacterial cells bound to the wells of microtiter trays (8) was measured in each subject's serum by ELISA with antihuman-antibody immunoglobulins conjugated with horseradish peroxidase (Sigma). Each serum sample was tested against the cells of homologous (isolated from the subject who gave the blood sample) and heterologous (isolated from a different individual) strains. The heterologous strains used were Bifidobacterium strain B48 from subject 10 and Lactobacillus strain L2 from subject 1. Statistical evaluations were conducted by the unpaired t test.
RESULTS
Enumeration of total populations of bifidobacteria and lactobacilli. Total bifidobacterial populations were similar (between 10 9 and 10 10 /g [wet weight] of feces) for all 10 subjects and all 21 fecal samples that were examined (Fig. 1A) . Lactobacillus numbers varied greatly between the subjects (about 10 4 to 10 8 /g), Subject 8 did not harbor a detectable lactobacillus population, and numbers of lactobacilli varied between fecal samples from the same subject (e.g., Subject 6 [ Fig. 1B]) .
Composition of the bifidobacterial populations. Ribotyping combined with PFGE patterns of bifidobacterial isolates detected 59 strains. On the basis of ribotypes alone, subjects 2, 5, and 9 harbored a strain in common, as did subjects 4, 5, and 7, subjects 1 and 6, subjects 6 and 10, and subjects 3 and 6. PFGE patterns, however, showed each of these isolates to be different. Isolates with common ribotypes but different PFGE patterns were designated B8, B8Ј, B8Љ, etc. Each subject harbored at least one bifidobacterial strain that was common to their two fecal samples (Fig. 2) . In other words, particular strains persisted in the intestinal tract of each subject for at least several months. The collection of bifidobacterial strains detected in the feces of each subject was unique; only one strain (B47; same ribotype and PFGE pattern) was detected in two different subjects (subjects 9 and 10). A "simple" bifidobacterial microflora was arbitrarily defined as a collection of four or fewer bifidobacterial strains, and more than four strains in at least one fecal sample was considered "complex." On this basis, half of the subjects had a simple microflora and half had a complex microflora. Complexity or simplicity of the bifidobacterial microflora was not related to gender.
Composition of the lactobacillus population.
Ribotyping combined with PFGE patterns detected 29 strains of lactobacilli. On the basis of the ribotyping results alone, subject 1 and subject 7 harbored a lactobacillus strain in common, as did subjects 6, 9, and 10, subjects 3 and 4, and subjects 3 and 7. PFGE patterns showed, however, that each individual harbored unique collections of strains. The strains with similar ribotype patterns but different PFGE patterns were designated L6, L6Ј, etc. Subjects 3 and 4 were the only individuals who harbored a strain in common: L11Ј (same ribotype and PFGE pattern). The composition of the lactobacillus microflora was simpler than that observed with the bifidobacterial population (Fig. 3) . Eight of the nine subjects in whom lactobacilli were detected had four or fewer strains of lactobacilli as intestinal residents. Apart from subject 4, at least one lactobacillus strain, unique to an individual, could be detected in both fecal samples.
Lymphocyte transformation assay. The mitogenic response (uptake of tritiated thymidine measured as counts per minute of harvested cells) of lymphocytes in blood cultures exposed to the predominant strain of bifidobacterium or lactobacillus harbored by each individual was compared to that of unstimulated lymphocytes. Unstimulated blood cultures yielded very low values (Ͻ560 cpm), whereas cultures exposed to the nonspecific mitogen, concanavalin A, gave significantly higher values (Table 1 ; P Ͻ 0.0001). The marked variation in response of the cultured blood cells from different subjects did not indicate differences in overall reactivity of the lymphocytes: it was a reflection of the numbers of lymphocytes cultured successfully from the various subjects. Exposure of blood cultures to bifidobacterial or lactobacillus cells gave statistically significant Table 1 ). Even then, the mitogenic response was poor and of doubtful biological significance (5). Serum antibodies. Antibodies reactive with antigens associated with the cells of homologous and heterologous strains of bifidobacteria and lactobacilli were detected in the sera of all of the subjects. IgG titers were generally higher than those of IgM in the case of bifidobacteria, and IgA antibodies reactive with these bacteria were not detected ( Table 2) . IgG antibodies reactive with lactobacilli were present at a higher concentration than those reactive with bifidobacteria (P Ͻ 0.0001; Table  3 ). IgM antibodies reactive with lactobacilli were present in all individuals, and IgA antibodies were detected in the sera of four subjects (Table 3) . Two serum samples were obtained from subjects 1, 9, and 10. Antibody titers showed good agreement between samples since they were the same or differed by one doubling dilution of serum. The source of the bacterial strain (homologous or heterologous) did not appear to influence consistently the antibody titer.
DISCUSSION
Analysis of the bifidobacterial and lactobacillus populations present in the feces of 10 human subjects was conducted by ribotyping and PFGE determination of restriction fragment length polymorphism of DNA. The results of the study showed that each subject harbored numerically predominant strains that were characteristic of the particular human host. Our methodology did not permit the detection of strains that were not numerically predominant in the samples. It is possible that more uniformity of the human intestinal microflora might be observed if analysis of an entire cross-section of the bifidobacterial or Lactobacillus microfloras could be achieved. Half of the individuals in the study harbored a bifidobacterial popula- tion composed of five or more strains. In contrast, the lactobacillus population of all but one subject was relatively simple as to strain composition. Bifidobacteria greatly outnumber lactobacilli in the intestinal ecosystem, but it is not apparent why the relative complexities of the two populations should differ and why this difference did not occur in every individual.
As in the previous study, the use of two genetic fingerprinting methods gave the best discrimination of bacterial strains (12) . In the study reported here, PFGE yielded better discrimination than did ribotyping for both bifidobacteria and lactobacilli. PFGE was also best for the differentiation of Lactobacillus strains in the previous study and therefore appears to be the method of choice for population studies of these bacteria obtained from human sources.
Analysis of the bacterial populations permitted the selection of predominant bifidobacterial and lactobacillus strains inhabiting the intestinal tract of each human subject. These predominant strains were used in lymphocyte transformation assays and serum antibody titrations to determine whether the human immune system is stimulated, and to what degree, by specific strains of intestinal bacteria. Serum antibody titers (IgG) against bifidobacteria were lower than those against lactobacilli, perhaps reflecting the view that truly indigenous members of the microflora, which have evolved while cohabitating with a specific animal species, do not elicit a marked immunological response because they have antigenic similarities with the tissues of their host (2) . Some species of animals (pigs, mice, rats, and fowl) have very large populations of lactobacilli as a component of the normal microflora (15) . It would be interesting to observe the effect on their immune systems of their predominant strains of lactobacilli. IgM antibodies were detected in the serum samples, indicating that at least some of the stimulus of the immune system by the appropriate antigens was recent.
Overall, the antibodies reactive against bifidobacteria or lactobacilli did not appear to be strain specific: titers of antibodies against the cells of both homologous and heterologous strains were similar. The relative paucity of IgA antibodies in the serum suggests, but is not conclusive evidence, that there would be an absence or low concentration of secretory IgA molecules reactive with these bacteria in the intestinal contents. It would be of interest to confirm this opinion in future studies concerning the predominant strains of the intestinal microflora by examining the feces for secretory IgA molecules reactive with bifidobacteria and lactobacilli.
The factors that modulate the composition of the intestinal microbial populations of individual humans are not known, although it has been concluded by some that the genetic characteristics of the host are important (18) . We wondered whether the predominant strains of bacteria detected in an individual persisted at high population levels as a result of lack of a strong stimulus of the immunological system by those specific bacterial strains. From the results of our studies, this may be tenuously true for bifidobacteria but appears unlikely in the case of lactobacilli. The one subject who lacked detectable lactobacilli in the feces had high antibody titers against a range of heterologous lactobacillus strains, but these titers were no higher than those present in the sera of subjects that harbored lactobacilli. In light of the current interest in lactobacilli as components of probiotic yogurts, it would perhaps be useful to de- a L2 is the strain tested against all sera (heterologous strain). b Reciprocal of the highest dilution of serum which gave an A 490 in ELISA of Ͼ0.10 following subtraction of the blank value.
c ND, not done.
termine whether this subject could be colonized by lactobacilli consumed in food. Although quite high concentrations of antibodies reactive with lactobacilli, in particular, were present in the sera of the subjects, the lymphocytes of these individuals yielded a poor, if any, mitogenic response to representative bacterial strains. The lymphocytes that were tested originated in peripheral blood samples. It is possible that only a small number of lymphocytes with receptors for bifidobacterial and lactobacillus antigens are present in peripheral blood and that lymphocytes that respond to these bacteria are sequestered in immunological tissues close to the habitat of the microbes (Peyer's patches, mesenteric lymph nodes). Stimulation of lymphocytes in these sites could result in the production of antibodies that would enter, eventually, the systemic blood circulation and hence would be detected in peripheral blood samples. This interesting hypothesis could probably be tested with a suitable experimental animal model (17) .
The existence of the normal intestinal microflora, composed of enormous numbers of bacterial cells, does not induce a marked inflammatory response of the intestinal mucosa. Yet, as the results of our study show, antigenic components of at least bifidobacteria and lactobacilli are accessible to the defense mechanisms of the human body. The failure of the intestinal microbes to induce an inflammatory pathology in the majority of humans may be linked, speculatively, to their potential for modulation of the expression of cytokine-encoding genes in enterocytes (4, 6) . This modulation could perhaps drive the immune system in the direction of a humoral response, evidence for which is provided by this study, rather than a cell-mediated response. The cell-mediated response might be more likely to result in an intestinal pathology such as inflammatory bowel disease (10) .
Clearly, the observations made during the course of this study have raised many fundamental questions concerning the complex relationship existing between humans and their intestinal microfloras.
